We demonstrates engineering of quantum emitters in hBN multi-layers using either electron beam irradiation or annealing. The defects exhibit a broad range of multicolor roomtemperature single photon emissions across the visible and the near-infrared ranges.
Full Abstract
Artificial atomic systems in solids are widely considered the leading physical system for a variety of quantum technologies, including quantum communications, computing and metrology.
1, 2 Room temperature quantum emitters have, however, thus far been observed only in wide bandgap semiconductors such as diamond 3 and silicon carbide, 4 nanocrystal quantum dots, [5] [6] [7] and most recently carbon nanotubes 8 . In previous reports we have demonstrated for the first time quantum emission from hexagonal boron nitride (hBN) monolayer, 9 multilayer, 9 and bulk. 10 The single photon nature originates from localized optically active defect centers embedded within hBN lattice. To further understand more about these color centers, we focus on fabrication techniques and optical properties of these emitters.
In this work, we show that single emitters in hBN can be engineered using either annealing or electron beam irradiation. While the use of heat gives rise to high yield of generation of optically active centers, the spatial distribution of the emitters are relatively random. On the other hand, by using electron beam irradiation with existence of low-concentration of water vapor, we managed to generate defect centers in a more predetermined fashion. We characterize the emitters and report an interesting phenomenon, namely, narrowband multicolor single photon emission from a 2D material. While known color centers and standard quantum dots (of a given, fixed chemical composition) luminesce at a particular wavelength or over a narrow spectral range, we show that defects in hBN multilayers can emit over a broad range spanning over 200 nm. We also propose that there are two groups of emitters based on their unique optical and photophysical properties. With density functional theory (DFT) calculation, it is proposed that the shifts in emission energy of zero-photon lines (ZPLs) in individual group of emitters could be due to strain in hBN lattice. We also show that the emitters withstand various aggressive annealing treatments in reactive gaseous environments, namely, H2, O2 and NH3, which do not change their spectral properties. Our results pave the way to robust, room-temperature quantum photonic devices that employ color centers in hBN as key building blocks.
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Summary
In conclusion, we present two robust methodologies to engineer room-temperature multicolor single photon emission, based on annealing and electron beam irradiation. Moreover, we show that the emitters are stable even after annealing in harsh gaseous environments such as oxygen, hydrogen, and ammonia. By analyzing spectral features of these emitters, we could infer that there are at least two groups of defects. Although the emitters in the two groups exhibit significant differences in their spectral characteristics, they share similar local phonon energies and therefore are likely to have similar chemical structure. Our work may help open up possibilities for employing quantum emitters in 2D materials for emerging applications in nanophotonics and nanoscale sensing devices.
Acknowledgements

